Failure of remyelination is largely responsible for sustained neurologic symptoms in multiple sclerosis (MS). MS lesions contain hyaluronan deposits that inhibit oligodendrocyte precursor cell (OPC) maturation. However, the mechanism behind this inhibition is unclear. We report here that Toll-like receptor 2 (TLR2) is expressed by oligodendrocytes and is up-regulated in MS lesions. Pathogenderived TLR2 agonists, but not agonists for other TLRs, inhibit OPC maturation in vitro. Hyaluronan-mediated inhibition of OPC maturation requires TLR2 and MyD88, a TLR2 adaptor molecule. Ablated expression of TLR2 also enhances remyelination in a lysolecithin animal model. Hyaluronidases expressed by OPCs degrade hyaluronan to hyaluronan oligomers, a requirement for hyaluronan/TLR2 signaling. MS lesions contain both TLR2 + oligodendrocytes and lowmolecular-weight hyaluronan, consistent with their importance to remyelination in MS. We thus have defined a mechanism controlling remyelination failure in MS where hyaluronan is degraded by hyaluronidases into hyaluronan oligomers that block OPC maturation and remyelination through TLR2-MyD88 signaling.
Failure of remyelination is largely responsible for sustained neurologic symptoms in multiple sclerosis (MS). MS lesions contain hyaluronan deposits that inhibit oligodendrocyte precursor cell (OPC) maturation. However, the mechanism behind this inhibition is unclear. We report here that Toll-like receptor 2 (TLR2) is expressed by oligodendrocytes and is up-regulated in MS lesions. Pathogenderived TLR2 agonists, but not agonists for other TLRs, inhibit OPC maturation in vitro. Hyaluronan-mediated inhibition of OPC maturation requires TLR2 and MyD88, a TLR2 adaptor molecule. Ablated expression of TLR2 also enhances remyelination in a lysolecithin animal model. Hyaluronidases expressed by OPCs degrade hyaluronan to hyaluronan oligomers, a requirement for hyaluronan/TLR2 signaling. MS lesions contain both TLR2 + oligodendrocytes and lowmolecular-weight hyaluronan, consistent with their importance to remyelination in MS. We thus have defined a mechanism controlling remyelination failure in MS where hyaluronan is degraded by hyaluronidases into hyaluronan oligomers that block OPC maturation and remyelination through TLR2-MyD88 signaling.
hyaluronidase | MyD88 | innate immunity I n multiple sclerosis (MS), destruction of CNS myelin accounts for a majority of neurologic symptoms. MS patients typically exhibit a relapsing/remitting course in which relapses result from inflammation and demyelination and remissions result from resolution of inflammation and remyelination. Secondary progressive MS, which typically begins in patients after a decade of relapsing/ remitting MS, exhibits irreversible neurologic disability.
Most chronic MS lesions show little if any remyelination. The failure of remyelination in MS theoretically could be the consequence of a deficiency in the number of oligodendrocyte progenitor cells (OPCs), absence of a promyelination signal, or the presence of inhibitory influences on OPCs. It therefore is of interest that the histopathology of the MS lesion has revealed the presence of OPCs and premyelinating oligodendrocytes in chronic MS lesions. The premyelinating oligodendrocytes extend processes that contact but fail to myelinate axons (1) (2) (3) (4) , thus suggesting failure of remyelination is caused by the loss of promyelination signals or the presence of inhibitory signals.
Recently, the glycosaminoglycan hyaluronan was identified within MS lesions and found to inhibit OPC maturation and remyelination in an MS animal model (5) . The mechanism underlying this inhibition is unknown. Because hyaluronan can function as an endogenous mammalian ligand for Toll-like receptors (TLRs) 2 and 4 in innate immune cell activation (6-9), we reasoned that TLR stimulation also may be required for hyaluronan-mediated blocking of OPC maturation.
Although TLRs and the Drosophila ortholog Toll have welldescribed functions in innate immune cells (6) (7) (8) (9) (10) (11) (12) , TLRs also have potent functions outside the immune system. Toll and TLR have diverse roles in axonal pathfinding, dorsoventral patterning, and cell-fate determination (13) . In particular, TLR ligands inhibit the differentiation of several cell types. TLR2 ligands block differentiation of mesenchymal stems cells into osteogenic, adipogenic, and chondrogenic cells (14) . TLR2 and TLR4 also differentially regulate hippocampal neurogenesis by unknown ligand(s) (15) .
Interestingly, hyaluronan also inhibits the differentiation of adiposederived stromal cells, osteoblasts, and keratinocytes (16) (17) (18) (19) . Although hyaluronan requires TLR2 or TLR4 to activate dendritic cells, macrophages, and microglia (6) (7) (8) (9) , it is unclear whether hyaluronan also requires TLRs to modulate differentiation.
In this report, we show that TLR2 is expressed in oligodendrocytes in MS lesions. Known TLR2 ligands function similarly to hyaluronan to hold OPCs in an immature state. TLR2 is required for repressive effects of hyaluronan on OPC maturation in vitro. TLR2-null mice exhibit enhanced remyelination in the lysolecithin remyelination model. The downstream adaptor molecule MyD88 also is essential for the in vitro effect of hyaluronan. We further show that hyaluronidases expressed by OPCs first must digest highmolecular-weight (HMW) hyaluronan before low-molecular-weight (LMW) hyaluronan can block maturation. In addition, we have identified small-molecular-weight compounds that interfere with the hyaluronan/TLR2/MyD88 signal that blocks OPC maturation.
Results
Because prior work indicated hyaluronan blocks OPC maturation (5), we hypothesized that hyaluronan triggers its effects via a hyaluronan receptor, such as TLR2 or TLR4. We first detected strong TLR2 staining throughout and very little TLR4 staining in OPCs in vitro ( Fig. 1 G and H) (10, 12) . OPCs also preferentially express TLR2 compared with mature oligodendrocytes. By Western blot, TLR2 immunodetection yielded one specific band with appropriate molecular weight (data not shown). We then examined TLR2 expression in oligodendrocytes in human MS proteolipid proteinnegative/glial fibrillary acidic protein (GFAP)-positive chronic lesions and in normal-appearing white matter and found that TLR2 was expressed by oligodendrocytes within normal and lesioned tissue ( Fig. 1 A-F) . Therefore, TLR2 is present in chronic lesions and may be stimulated by hyaluronan also found in chronic lesions ( Fig. 7A) (5) .
Little is known about the underlying mechanism through which hyaluronan blocks OPC maturation. Through in vitro studies, we found that hyaluronan does not alter oligodendrocyte cell death or proliferation to give the appearance of impaired maturation ( Fig. 2 D and E) . Instead, we found hyaluronan blocks OPC maturation directly in a dose-dependent manner (Fig. 2C) . Our hyaluronan preparations were free of contaminating proteins, DNA, or RNA that could account for the effects on OPC maturation ( Fig. 6 A-H) .
Because of the abundance of TLR2 expression by OPCs, we tested whether known TLR2 agonists, including lipoteichoic acid, zymosan, and peptidoglycan, as well as hyaluronan, would have similar blocking effects on OPC maturation in vitro. All TLR2 agonists blocked OPC maturation, whereas LPS and flagellin (TLR4 and TLR5 agonists, respectively) had no effect ( Fig. 2 A  and B) . Differences in maturation were not a product of cell death or alterations in total olig2 + cell numbers (data not shown). We next tested whether TLR2-blocking antibodies disrupted the effect of hyaluronan on OPC maturation. TLR2-blocking antibodies, but not TLR4-or CD44-blocking antibodies, ablated the effects of hyaluronan on OPC maturation (Fig. 3 A and B) .
Astrocytes and microglia within cultured wild-type, TLR2-null, or MyD88-null mixed glia produce hyaluronan (Fig. 3 F and G) (data not shown). OPCs are known to mature slowly in wild-type mixed glia cultures, perhaps because of the presence of endogenously produced hyaluronan. Using mixed glia, we tested whether TLR2-null OPCs would mature more rapidly than wild-type OPCs. After cells were cultured for 2 wk in glia medium and then for 4 d in oligodendrocyte medium, we found that there were many more O1 + oligodendrocytes in TLR2-null mixed glial cultures than in wild-type cultures (Fig. 3 C-E) . In contrast, olig2 + oligodendrocyte numbers were not different in the two culture types, indicating differences in olig2 + cell densities do not account for the increased density of mature oligodendrocytes. 
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+ cells was calculated for exposures to PBS, 5 μg/mL hyaluronan, and 25 μg/mL hyaluronan. Using Live/Dead methods and BrdU immunostaining, respectively, the percent cell death (D) and percent BrdU + cells (E) was measured after OPCs were exposed for 48 h to PBS, 25 μg/mL hyaluronan, 10 μg/mL LTA, 10 μg/mL ZYM, or 10 μg/mL PGN. Error bars represent SE. *, P < 0.05 by t test in comparison with control. (Scale bars, 20 μ.) We used a lysolecithin injection animal model to study whether TLR2 is required for the previously characterized hyaluronanmediated block in remyelination (5) . First, examination of wildtype and TLR2-null mice did not show any obvious differences in myelination in adult mice or during development ( Fig. 4 and Fig.  S1 ). We observed only that at postnatal day 7 TLR2-null mice had myelin basic protein (MBP)-positive cells in the corpus callosum, whereas C57BL6 mice did not. Finding no substantial effect on developmental myelination was not surprising given preliminary reports that hyaluronan synthase-null mice have no CNS phenotype. Using the lysolecithin model, we found that remyelination was approximately the same in wild-type and TLR2-null mice treated with lysolecithin only (Fig. 4 A, C , and E). We thus confirmed that hyaluronan blocks remyelination in wild-type mice (Fig. 4 A-G) . In contrast, when lysolecithin and hyaluronan were injected into TLR2-null mice, we found enhanced remyelination, indicating that hyaluronan is unable to block remyelination in TLR2-null mice (Fig. 4 B and D-G) . This effect is not caused by alterations in oligodendrocyte numbers, because we observed similar levels of olig2 + cells in wild-type and TLR2-null corpus callosum after exposure to lysolecithin and hyaluronan (Fig. 4 F and G) .
Next, we sought to determine if the downstream signal machinery required for TLR2 function is required for hyaluronan blockade of OPC maturation. Without inducing significant cell death (data not shown), we found that a small-molecular-weight inhibitor of MyD88 (AS1) (Fig. 5 J and K) blocked effects of hyaluronan on OPC maturation. Using wild-type mixed glia, we found a dose-dependent enhancing effect of AS1 on OPC maturation that was not caused by differences in olig2 + densities (Fig. 5  D-F) . In contrast, AS1 had no effect on OPC maturation in TLR2-null or MyD88-null cultures (Fig. 5 F-H , yellow and red lines, respectively), indicating that AS1 requires the presence of both TLR2 and MyD88 for its effect. In addition, similar differences in OPC maturation were seen in MyD88-null mixed glia and in wildtype mixed glia (Fig. 5 A-C) , suggesting that MyD88 expression also impairs OPC maturation in mixed glial cultures.
Although only HMW hyaluronan is thought to block OPC maturation (5), only LMW hyaluronan appears to stimulate TLR2 and TLR4 (7-9). Thus, we also investigated whether the molecular weight of hyaluronan is crucial to its effects on OPC maturation. We found that both LMW hyaluronan and HMW hyaluronan block OPC maturation (Fig. 6 I and J) . Only when hyaluronan is degraded to disaccharide is no effect on maturation observed (Fig. 6 I and J) .
Because both HMW and LMW hyaluronan block OPC maturation, and only LMW hyaluronan stimulates TLR2 and TLR4 in other cell types (7-9), we suspected that HMW hyaluronan must be processed to a LMW form to be able to inhibit OPC maturation via TLR2. Indeed, treating HMW hyaluronan with hyaluronidase alone did not neutralize the effect of hyaluronan on OPC maturation (data not shown). Only hyaluronidase and β-glucuronidase neutralized HMW hyaluronan effects on OPCs (Fig. 6 A-H) .
To test whether HMW hyaluronan is processed by OPCs, we electrophoresed conditioned medium containing HMW hyaluronan to assay for hyaluronan molecular weight. When OPCs were present, the major HMW hyaluronan peak was reduced in size. In addition, there was a concomitant increase in LMW hyaluronan, ranging from ∼20-200 kDa, indicating degradation of HMW hyaluronan (Fig. 7C) . Further, after washing with PBS, cells were trypsinized, analyzed for adherent hyaluronan, and found to contain proportionately higher levels of LMW hyaluronan than HMW hyaluronan. This finding suggested that the degrading activity associated with OPCs is cell-associated such as through cellassociated hyaluronidases.
If OPCs degrade hyaluronan in vitro, LMW hyaluronan should be present in MS lesions as well, a condition that would be necessary if TLR2/hyaluronan signaling blocks OPC maturation and remyelination in MS. Therefore, we compared the molecular weight of hyaluronan in MS lesions and in white matter controls. Interestingly, we found that two peaks of hyaluronan were significantly elevated in MS lesions compared with control: a broad peak from 500-1500 kDa and a well-defined 20-kDa peak (Fig. 7A) . Because hyaluronidases are known to generate a stable intermediate degradation product of 20 kDa (20) , the presence of a 20-kDa form of hyaluronan in MS lesions suggests the presence of hyaluronidase activity within lesions. Thus, we found compelling indirect evidence that HMW hyaluronan is processed enzymatically into LMW hyaluronan in vitro and in MS lesions in vivo. In addition, we found that OPCs degraded HMW hyaluronan in vitro (Fig. 7C) to a molecular ) weight range of 20-200 kDa. Based on these data, we predicted that OPCs would express hyaluronidases.
Two hyaluronidases, Hyal1 and Hyal3, are expressed in brain (21, 22) . Hyal2 is expressed in brain only during development, whereas sperm adhesion molecule 1 (SPAM1) has not been detected in brain as yet (23, 24) . We found that Hyal1, Hyal2, Hyal3, and SPAM1 are expressed by oligodendrocytes in vitro (Fig. 7B) . Although SPAM1 appears to be weakly expressed primarily by O1 + oligodendrocytes, Hyals1-3 are expressed preferentially in the growth cones of OPCs, suggesting a role for these hyaluronidases in OPC migration, a hypothesis we currently are exploring.
Because functional redundancy of OPC hyaluronidases may make knockdown approaches difficult, we used a small-molecularweight hyaluronidase inhibitor, ascorbate 6-hexadecanoate (A6H) (25) , to determine whether hyaluronidases are important to hyaluronan/TLR2-dependent signaling. We treated OPCs with 10 μM A6H for 10 min, then added 100 μg/mL HMW hyaluronan, and cultured the OPCs for 2 d. By electrophoresing cell-associated hyaluronan, we found that A6H significantly inhibits HMW hyaluronan degradation (Fig. 7D) . We then exposed OPCs to A6H and/or HMW hyaluronan for 2 d and determined the effect on OPC maturation. Although HMW hyaluronan blocked OPC maturation, the addition of A6H to HMW hyaluronan allowed OPC maturation to proceed normally ( Fig. 7 E and F) . A6H alone had no effect. In addition, A6H blocked only HMW hyaluronan but not LMW hyaluronan effects on OPC maturation (Fig. 7G) . We also confirmed this effect of A6H using mixed glia that produce HMW hyaluronan endogenously (data not shown) (Fig. 3 F and  G) . Therefore, hyaluronidases appear essential to degrade HMW hyaluronan into LMW hyaluronan to stimulate TLR2.
Discussion
This report identifies TLR2 as the hyaluronan receptor responsible for mediating the repressive effects of hyaluronan on OPC maturation and remyelination. CD44 clearly is not required, because CD44 is expressed at low levels, if at all, by OPCs, CD44 overexpression does not further block remyelination (5), and CD44-blocking antibodies have no effect in vitro. In contrast, TLR2 is expressed at high levels in OPCs within MS lesions. In addition, TLR2 and MyD88 were found to be essential for hyaluronaninduced inhibition of OPC maturation in vitro. Finally, remyelination in a lysolecithin model was more robust in TLR2-null mice. Therefore, hyaluronan functions through the TLR2 pathway to inhibit OPC maturation and remyelination. TLR2 is expressed by a variety of cell types, including microglia, astrocytes, neurons, and oligodendrocytes (10) (11) (12) 31 ). Thus, it is possible that TLR2 influences OPC maturation and remyelination through a variety of TLR2 + cell types. Nevertheless, using purified OPCs, we found that hyaluronan directly stimulates TLR2 on OPCs to inhibit maturation. In addition, the identification of the pathway through which hyaluronan functions is significant intrinsically. Thus, therapeutics designed to block this pathway may be an important next step in advancing MS clinical care.
A prior report found the major peak of hyaluronan in chronic MS lesions was about 1,000 kDa in size and that HMW but not LMW hyaluronan blocks OPC maturation and remyelination (5) . This finding suggested HMW hyaluronan, but not LMW hyaluronan, impedes remyelination in MS. In contrast, only LMW hyaluronan appears to stimulate TLR2 expressed by other cell types (7-9), a finding that may be at odds with the hypothesis that TLR2 and MyD88 are essential for HMW hyaluronan effects on OPC maturation. Thus, we speculated that HMW hyaluronan is processed to a LMW form of hyaluronan before TLR2 stimulation. In contrast to a previous report (5), we found that hyaluronan molecular weight did not influence OPC maturation. In addition, peaks of LMW hyaluronan were found in MS lesions, suggesting enzymatic degradation of hyaluronan in vivo. Using a known hyaluronidase inhibitor, A6H, we then found A6H blocks HMW hyaluronan degradation and HMW hyaluronan effects on OPC maturation in vitro. Thus, we have identified a pathway in which OPC hyaluronidases first process HMW hyaluronan to LMW hyaluronan, allowing TLR2 stimulation and blockade of OPC maturation.
This work identifies possible approaches to improving remyelination in MS. First, we show that inhibitors of TLR2 and its signaling pathway are effective in blocking hyaluronan inhibitory effects, resulting in enhanced OPC maturation in vitro. Second, hyaluronidase inhibition also successfully blocks hyaluronan effects and increases OPC maturation. Approaches like these may be of great importance in developing treatments for impaired remyelination in MS, a major source of disability in this common neurologic disorder.
Methods
Animals. C57BL/6 mice were obtained from Charles River Laboratories, and Sprague-Dawley rats were obtained from Taconic. Animals were maintained and bred in the Harvard Institutes of Medicine animal housing facility under specific pathogen-free conditions and following all institutional guidelines for care and research of vertebrate animals. MyD88 −/− mice, a generous gift of S. Akira (Osaka University, Osaka, Japan), were used for comparison with wild-type mice with identical genetic background. TLR2 −/− mice (Jackson Laboratories) were used for comparison with C57BL/ 6 mice as controls (12) .
Purified Oligodendrocyte Cultures. Mouse mixed glia were generated as detailed (26) . Cells were grown in DMEM with 10% FBS (mixed glia medium) for the first 14-d culture and in DMEM with 0.025% BSA and N2 (Invitrogen) for the subsequent 4 d. Rat oligodendrocytes were purified from postnatal day 0 rat forebrain as detailed in prior publications by our group (26) . Purified OPCs were cultured in DMEM with 0.025% BSA and N2. All oligodendrocyte cultures were assayed for microglial and astrocyte contamination by cell typespecific immunocytochemistry. Typically cultures contained <2% microglia and <5% astrocytes as assayed by isolectin B4 (IB4) and GFAP staining, respectively. Oligodendrocytes purified initially were ∼100% A2B5 + and 0% O1 + . To induce differentiation, we cultured oligodendrocytes in DMEM supplemented with 10 ng/mL ciliary neurotrophic factor, 15 nM 3,3′,5-triiodothyronine, N2 (Invitrogen), and 0.025% BSA. After 2 d, >60% of oligodendrocytes were MBP + and O1 + . For some experiments, cells were exposed to 10 μg/mL blocking antibodies to TLR2 (T2.5; Biolegend), CD44 (IM7; Biolegend), or TLR4 (HTA125; Biolegend). Nonimmune mouse and rat IgG was purchased from Jackson ImmunoResearch. None of the antibodies used contained sodium azide. Hydrocinnamoyl-L-valyl pyrrolidone was purchased from Calbiochem, and A6H was purchased from Sigma.
Immunocytochemistry. Cells were fixed in 4% paraformaldehyde in PBS at room temperature, rinsed with PBS, and treated for 1 h with blocking solution (PBS supplemented with 0.1% Triton ×100 and 1% BSA). Sections were incubated overnight at 4°C with the primary antibody diluted in blocking solution. OPCs and oligodendrocytes were stained for hyaluronidases 1-3 and SPAM1 (red) in conjunction with oligodendrocyte markers A2B5, O4, and O1 (green) to determine maturational expression of these hyaluronidases. (C) Hyaluronan-containing medium was exposed to cultured OPCs (red line) or to no cells (thin black line) for 2 d. Conditioned medium then was electrophoresed and stained for hyaluronan as above. Also shown is hyaluronan (blue line) that remained cell associated after medium was removed and cells were washed with PBS. For cell associated hyaluronan, there was more LMW hyaluronan and less HMW hyaluronan compared with conditioned medium (red line). *, P < 0.05 by t test between OPC-exposed hyaluronan (red line) and unexposed hyaluronan (black line). After 10 μM A6H was added to OPC cultures, OPCs were exposed to hyaluronan for 2 d. Cellassociated hyaluronan then was collected and detected as above. (D) Molecular weight distribution of cell-associated hyaluronan from cultures exposed to 10 μM A6H (green line) and control cultures (blue line were used. Demyelinated and normal-appearing white matter was snap frozen in isopentane and stored at −80°C.
Immunohistochemistry. Frozen sections were mounted on glass slides, postfixed in ice-cold acetone, blocked with 20% mixture of 1:1 normal goat and human serum (for human sections) or 1% BSA and 3% normal donkey serum (for mouse sections), and incubated in primary antibodies at 4°C. Primary antibodies included TLR2-specific goat polyclonal antibody (Abcam), MBP goat polyclonal antibody(Santa Cruz), Olig2-specific rabbit polyclonal antibody (Millipore), and proteolipid protein-specific rat monoclonal antibody. FITC-and Texas Redconjugated secondary antibodies (Jackson ImmunoResearch) were used to detect primary antibodies. Fluorescently labeled sections were scanned with a Leica SP5 confocal microscope (Leica) or with a Nikon Eclipse 660 Microscope and a SPOT-cooled CCD digital camera. Autofluorescence was removed from confocal images using ImageJ.
Hyaluronan Electrophoresis. Tissue dissected from MS lesions and control brain white matter was Dounce homogenized in PBS. Immediately thereafter, protein content was measured, and equal amounts of sample by protein were electrophoresed in 1% agarose gels (30) . To determine the total amount of hyaluronan in each sample, samples were treated with 1 mg/mL pronase E (Sigma) for 1 h and then boiled. Aliquots derived from each sample were either treated or not treated with 5 U/mL hyaluronidase (Worthington) and 5 U/mL β-glucuronidase (Sigma) for 1 h before electrophoresis in parallel. The difference between hyaluronidase/β-glucuronidase-treated and untreated samples was taken to represent the hyaluronan content. Gels were stained by the cationic dye 3,3′-dimethyl-9-methyl-4,5,4'5′-dibenzothiacarbocyanine (Stains-All; Sigma).
Statistical Analysis. Statistical analysis was conducted using Macintosh-based Statview and Excel software (Microsoft). Differences among control and experimental groups were analyzed by t test or ANOVA in conjunction with appropriate post hoc tests. We calculated the significance of each treatment as a P value, and when depicted in a graph, P < 0.05 was considered significant.
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Sloane et al. 10 .1073/pnas.1006496107 Fig. S1 . No significant differences in developmental myelination are seen in TLR2-null mice. Brains from mice aged postnatal day (P) 7, P14, P21, P28, and adult (2-3 mo old) were sectioned and stained for myelin basic protein (MBP). We found no major differences in developmental myelination. In P7 mice, a few MBP + cells were observed in TLR2-null but not in C57BL6 corpus callosum. (Scale bar, 10 μm.) For P14 adult mice, representative photographs of corpus callosum are shown. (Scale bar, 100 μm.)
